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I. ABSTRACT

The work accomplished during the first year of AFOSR Contract Number
F49620-76-C-0007, Intense Relativistic Electron Beam Investigations, was

discussed in the progress report submitted on March 7, 1977 and is included

herein by reference. Progress accomplished with second vear support by AFOSR

Contract Number F&49620-76-C-0007, Intense Relativistic Electron Beam Investi-

gations, is summarized in this report. In particular, the following topics

are discussed: (a) developnent of the relativistic electron bdeam laboratory

and asscciated instrumentation, diagnostic equipment, and computational tech-
niques at North Carolina State University, (b) collective ion acceleration
experiments at NCSU, (c) electron beam transport experiments in dielectric

liners at NCSU, and (d) electron beam transpert and fon acceleration experiments

at NRL's VEBA machine in collaboration with Dr. Robert K. Parker of NRL and

5
Major Richard L. Gullickson of AFOSR. The relativistic electvon beam ladb- :

oratory at NCSU which was made possible by Dr. Parker's arranging for the loan

of an NRL constructed 0.5 MeV, 70 kA, 60 nsec, 7 ohm intense relativistic

~lectron beam machine is now fully operational. With joint support from NCSU

and AFOSR this laboratory is now well equipped with fast oscilloscopes, nuclear

activation detection, analyzing and counting equipment, TRW streak and Beckman \r\J
Whitley image ccnverter cameras, fast vacuum pumping equipment, pulsed magnetic

fields, a pinhole X-ray camera, a Thomson parabola ion spectrometer, a l-meter
McPherson spectrometer, and a microphotometer for scanning spectrometer plates
and blue cellophane witness films for electron beam current density measure-
ments. Three Ph.D. graduate students are underway with their dissertations on
collective ion acceleration and electron b2am propagation experiments and three
other students will begin their Ph.D. dissertation experiments using the rela-

tivistic electron beam machine during the next vear.
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1l. PROCRESS

Progress made after the last weitten report {n February, 1977 and {ncluding
the sccond vear of fundiag s reported tn this section.  The original period

of performance for the second vear funding from Julv 1, 1977 to June 30, 1978
was extended to April 30, 1979 with no additional funding requested. A complete
list of the publications (7), dissertarions (3), thesis (1), and papers pre-
sented (9) during this period is given in Section IV, Six copies of this material
were forwarded to the AFUSR contract monétor {n April, 1979. Copies of the .
abstracts of these publications, dissertations, thesis, and papers presented are

also {ncluded in Section IV, The data presented in these works will be only

brieflv summarized {n the following sections, and parti{cular emphasis will be

given to recent unpublished results.

A. Development of Relativistic Electron Beam Laboratory at NCSU |

With the splendid couvperation of Dr. Robert XK. Parker of the Naval Research
Laboratory and Malor Richard K. Gullickson of AFOSR, an NRL designed and con-
structed, pulsed 0.5 MeV, 70 KA, 60 nsec, 7 ohm intense relativistic electron
beam machine was made available to the plasma physics rescarch program at North
Carolina State University during the first vear of this contract. The principal
{nvestigator with the assistance of a machinist and two graduate students dis-
assembled, crated and moved the machine from Rome Air Force Base, NY to NCSU.

A 24" x 24' room in our laboratorv has been extensivelv modified for the
installation and operation of the machine. A ground plane, an EMl screen room
fed with coax cables in copper pipes, air pressure lines, tew electrical service,
and extensive X-ray sh:ieldiapg have been i{nstalled. During the first vear the
entire machine including the Marx bdbank, switch gaps, Blumlein section, vacuunm
sveten, pneumatic valves, water spark gap switch, water purification svstems and \\#
power supplies were disasscabled, cleaned and repaired as needed.  An oil trans-
fer and filter svstem and a4 satetv interlock system were designed and assembled.

The Radiation Protection Council of NCSU approved operation of the facilitvy
early {u the second vear of the contract. An extensive X-ray radiation survev
using TLD dosimeters indicated the need for some additional overhead shielding.
It was decided to use a portable semicvlindrical iron shield after locating and

installing an electrically actuated overhead hoeist.

FWHMWMMW "
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Most of our experiments are of a one-shot nature, requiring opening the
viacuum svstem up to atmospheric prossure between shots.  Since the vacuum dif-
fusion pump furnished with the electron beam machine was sized to hold vacuum
rather than to achieve rapid pump down, we were limited to 2 or 3 shots a day.
We have located and installed a 10 inch diffusion pump (3850 liters/sec) and a
larger mechanical vacuum pump and can now pump down to firing conditions in

15 minutes.

In order to obtsin a jitier-free trigger pulse as far in advance of the
electron beam pulse as possible. we have made penctrations in the outer and
intermediate cylinders of the water Blumlein pulse shaping section in the region
of the water filled spark gap that self-breaks down when sufficiently over-
velted by the Marx capacitor bank charging circuit. The light produced by this
gap's self-firing is brought out by a lucite pipe to a fiber optics cable and
is fed into the optical input of our TRW Model 46A trigger delay generator for
pulsing our image ruuverter camera and lasers as well as providing an advance
synchronized trigger pulse to the oscilloscopes. Since this water filled spark
gap switch initiates the pulse in the Blumlein circuit, the optical signal from
it occurs at an essentially jitter-free time increment before the electron beam
pulse and is early enough to pulse the image converter electronic shutter open
before the end of the electron beam pulse.

The machine is operating very reliably with repairs to date involving only
replacing a capacitor, a section of the charging v jre, the Blumlein inductor, re~
building the water circulating pump, and repairing thz watzc gap aechanism.

The laboratory is now reasonably well equipped with the following equipment

for diagnostic measurements.

Equipment Soutce
NRL 0.5 MeV 7 ohm relativistic
electron beam machine Government fumished

Capacitor bank and magnetic field

solenoid 4' long with an 8 1/4"

inner diameter for electron beam

propagation experiments Government furnished

2 Tektronix 7844 dual beam
400 Miz oscilloscopes with C-51

cameras Joint AFOSR and NCSU
Tektronix 7704 single beam 400
Miz oscilloscope with C-12 camera Joint AFOSR and NCSU

Tektronix 556 dual beam 50 Miz
oscilloscope with C-+12 camera Joint AFOSR and NCSU
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Equipnent

Beckman=Whitley 511N fmape
converter camera

TRY Model 1D image converter
camera with
Model 288 subnicrosceond
3 frame plug-in
Model 46a trigger delay
generator
Model 21A precision recording
camer’
Model 1'A, 19A heavy duty
tripoc and dolly

Korad Mode! K1 ruby laser system
(burst mode)

Leeds-Northrop Model ¢700-11
microphotemeter modified Lo use
& He-Ne laser as a light soutce
for reading blue cellophane
film transmission

Nuclear coincidence counting
equipment with 3" and 2" Nal
detectors and
Ortec 456 high voltage
supplies
Ortec 486 and 490A pulse
height dnalyzers
Ortec 775 and 715 counters/
timer
Ortec 777 line printer
LeCroy 3001 q¥t multichannei
analyzer

VUV spectrometer with Bausch
and Lomb grating with 1500 A
blaze wavelength

Thomson parabola ion
spectrometer

Hard X-ray camera with 0.010"
pinhole

HP Model 9800 B calculator-
plotter svstem modified for
digitizing oscilloscope traces

Saurce
AFOSR
Occasfonally available on

foan liew another research
proup at NCSU

Occasionally available on
loan from another research
group at NCSU

Available at NCSU

Joint AFOSR and NCSU

Under construction at NCSU
Constructed at NCSU

Constructed at NCSU

NCSU

r
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Rogowsk! cofls for current measurements and a nanosccond rise time combination
Faraday cup current monttor and calorimeter have also been constructed. The
transicnt voltage output from the thermocouple in the calorimeter is recorded dig-
ftally at 15-second intervals after a shot and extrapolated back to ‘the firing
t{me to obtain the temperature rise from which the d&posttcd becam energy can
be calculated. |

Dr. C.M. Armstrong has received an equipment grant from the Research
<bxporxt10n for "Time Resolved Studies of Relativistic Electron Beam Propagation

{n an Evacuated Dielectric Guide" which will allow the plasma laboratory to

purchase a TRW model 7B high speed streak unit, two additional vertical amp-
lifiers for our NCSU purchased Tektronix 7844 oscilloscope, and PIN X-ray

detectors for our electron beam research program.

Dr. J.J. Kim has arranged with NASA for the loan of a McPherson Model 216
1-meter spcctrbgraph - polychromator with wavelength range 2,000-10,000 A.
This unit is now in operation in our electron beam laboratory.

[t is hoped that a rhodium activation detector can be obtained next
vear for the detecticon of prowpt neutrons produced by (p,n) and (d,n) reactions
wvhen accelerated ions strike suitable targets. We also nced a magnetic tape
cassette recorder for storing digitized oscilloscope trace data and the
output data from our LeCroy nuclear spectrum multichannel analyser for subsequent
input to our central IBM computing facilities.

B. Machine Calibration Experiments

Considerable effort has been directed toward carefully calibrating the
capacitive voltage divider and magnetic loop current monitor in the diode region
and combination Faraday cup - calorimeter used to measure the transmitted elec-
tron current and beam energy. By modifying a HP plotter - calculator system,
we are able to digitize our oscilloscope traces at equidistantly spaced
points with about 1-2% accuracy. These data can bde mnnually(fed into a
computer for processing and plotting., We have thercfore been able to compute
and compare étth versus LI(t) (from the relation Vs ~Ldl/dt where L is the
diode tube‘inductance) for short circuit shots, g“(v-LdI/dt)ldt Versus energy
delivered to the calorimeter, as well as to make comparisons of amplitudes
and wave shapes of the traces of the diode current monitor, Faraday cup, and
a calibrated T&M "-~search Products current viewing resistor for determining
calibration factors. The calibration techniques deseribed in Dr. Robert X.

Parkers dissertatfon! yere {nvaluable during this phase of the project.
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Inftial differences in the waveforms between the diode magnetic loop
curren: trace and current viewing resistor vere tracesble to the apparent
use of & magnetic paper clip for the lcop. Waveform tracking occurred when this
vire vas replaced with nonmagnetic copper wire. Similarly, inicial differences
in the risetimes of /Vdt versus LI for short circuit shots were eliminated by
modifying the compensating capaciror in the voltage divider. We believe
our diode current and voltage measurements have a 2-4X accuracy, and we have
obtained approximately 42 agreement between the deposited electron beam
energy as measured with the calorimeter and as computed according to

J(V-Ld1/dt)Idc. A decailsd account of this work will appear in a dissertation.
C. Collective lon Accegleravion Experiments

A series of ion acreleration experiments was conducted on the VEBA

accelarator in c¢yilaboration with Dr. R.K. Parker of NRL and Major R.XK.

Gullickson of AFNSY. The results of these experiments are reported in publi-

cations Al and A4 L. ‘¢¢d in Section V.

A typical experiment =zonsisted of injecting a 65 kA, 1.5 MeV, 60 nsec,

v/y ~» 1.4 electron beam from a tapered brass cathode into an evacuated dielectric

tubc with 6.4 cm inside diapeter and 15 cm length as shown in Fig. 1b.

Fig. 1. Experimental configuration: A, cathode; B, anode foil;

C, dielectric guide; D, outer conductor; E, graphite current col-

lector; F, Faraday cup. (a) propsgation configuration. (b) accel-

eratisn configuration., (c¢) Luce-type diode.
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According to the model of Little, Creenwald et al?. the clectron beam (whose
current exceeds the space-charge limit) is stopped by the formation of a

virtual cathode and expands radially, striking the dielectric wall and causing
surface f{lashover and the liberation of ifons, These {ons provide sufficient charge
neutralization for the beam to propagate a bit further, so that tne potential well |
at the beam front travels down the guide at a velocity determined by the rate of
fon releass from the walls. Some of these ions are expected to be accelerated
by the potential well, and it should be possible to optimize ton trapping

and acceleration by appropriately choosing the system parameters (e.g., guide
shape and size, cathode diameter, etc.). One purpose of these experiments on
the VEBA at NRL and subsequent experiments on the NRL 7-ohm line at NCSU was

to examine ion acceleration in evacuated (<2 x 1074 Torr) dielectric guides at

E higher electron energies and currents than in previous studiesz,
] At VEBA a rhodium activation detectors, located above a target attached to
the front of the Faraday cup, vas used to measure neutron vields from (p,n)
3 and (d,n) reactions. In addition nuclear activation tcchniques“ vere used to
3 determine the number and enevgy of ions accelerated in two wavs: (1) by the use ‘
1 of targets with different reaction thresholds, and (2) by using stacked foil
% targets and relating the depth of activation to ion energy through range-energy
% relations.>
With the diode shown in Fig. 1b, consisting of a small diameter cathode !
but no anode foil, protoms with kinetic energies up tv 14 MeV (nine times the .
electron energy) were detected on axis with an energy spectrum given by

7 x 1013 exp(~E) protons per MeV with E in MeV. The smaximum observed vield

13 .
was v 1077 protons (£ > 3.8 MeV). The reactions 13c(p,n) i3y and 83cu(p.n)®32q

2 with reaction thresholds of 3.2 and 4.2 MeVl, respectively, were used. Similar
yields were cbhserved with the Luce diocde gecmetrry shown in Fig. lc. "J

There was considerable shot-to-shot variation and irreproducibilitv in the

yields in those experiments, probably due in part to the random nature of the

L] beam-induced surface flashover process which produces the ions to be accelerated.
Alternative methods are proposed in Section II1 for next vear's effort for
creating ions prior to electron beam injection in an attempt to eliminate this
erratic ion acceleration behavior.

Ion accelcration experiments are now underwav at NCSU using the NRL
7-oha line which produces a 0.5 MeV, 70kA, 60 nsec, v/y v 2.4 electron beam.

In addition to injecting into dielectric guides and using the Luce-type diode
geometries shown in Figs. b and lc, we have




fnjected into an cvacucted pipe 10.2 em in diameter and 15 cm long as shown
in Fig. 1 vithout the dielectric guide C and with thin plastic films or

nylon fiiaments at B instead of an anode foil, similar to our previous
experiments on the 4.5 MeV, 350 kA FX-75 electron beam machine at the Boeing
Radiation Effects Laboratoty.5 A 0.13 mm thick graphite activation target was
placed at position [ and was sometimes used as a lining on the inside of the
pipe section D to detect ifons accelerated radially outward as well as axially.
Our experiments have been largely exploratory in an attempt to discover those
changes in diode configuration which would produce significant changes in ion
acceleration. We have found that the basic statistical nature of the process
has obscured the effect of most changes made to date.

The nuclear reaction used to detect accelerated protons wvas 12C(p.v)nN
vhich has resonances at 0.457 MeV and 1.7 MeV with yields of 7.5 13N atoms
per 1010 protons with energy 0.6<E<l.5 MeV and 18 IBN atoms per 1010 protons
with energy above 1.8 MeV. 13x is a 8+ emitter with a half 1ife of 9.57 ainutes.
The decay of the 133 nucleus is observed by detecting the twe 0.51 MeVv annihilaticn
gamma rays in an energy discriminating nuclear coincidence counting system
using 2" and 3" diameter Nal scintillation detectors. Coincidence counting
reduces the background count rate (in our case to 2.2 counts/min ), thereby
increasing the sensitivity and statistical accuracy in determining the 13&
yield. Using a calibrated zzxa source, we arrived at a counter efficiency of
0.0424 coincidence count per positron emission, and an expected initial count
rate of 1 count per minute per &.leollprotens incident on a thick (for protons)
carbon target with energy 0.6<E<l.5 MeV. The experirental method cousisted of
temoving the graphite target afrer each shot, counting for a series of contiguous
S-minute intervals, and exirapolating the count rate back to the time cf the shot.

The i{nitial experiments were conducted with the Luce-type geometry of
Fig. lc in which the tapered brass cathode was placed 15 mm in front of a 1.27 cm
thick polyethylene anode with a 1.27 cm diameter hole on axis. Single shots
produced no activity. The machine was then fired 10 times during a 20 ainute
period before removing the graphite target. Activity was produced and the
init{al count rate was 344 cpm {ndicati.g that 1.5:1016 protons were accelerated
(assuming an energy 0.4<E<l.5 MeV). The intense electron current * 50 kA
blasted away part of the polyethylene anode, enlarging the hole to 2.5 cm on the
cathode side.

In another series of experiments, a 2 um thick (0.26 ug/caz) polycardonate
fila (Kimfoil €5 Hyg 03) was placed behind a 1.27 cm thick graphite anode with
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a 3.8 cm diameter opcning as shown in Fig. 2. The tapered bLYass.vathode

shown {n Fig. 1b was used in this series. With a cathode-anode gap spacing of

18 mm, four successive shots gave an initial cowit rate of 70, 52, 26, and

1% cpm ()1 com« 4.5 x lollprotons), indicating a fairly large (factor of 3.7)
scatter of dsta. The diode impedance was changed bv varying the gac spacing over
the range 13-28 mm, and various thicknessecs of film (4, 6, 12 un) were tried.

All count rates fell within the range for the {nitial single shnt variability,
and no trends were observed.

: I W ¥ A V. WD, W W, ¥ A A W . VR, W

7

\\\\\\1‘\\\\X\1

e

&
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Fig. 2. Experimental configuration for ion acceleration:
A, graphite cathode; B, graphite anode; °'C, plastic film

‘The greatest proton yields were produced by replacing the film with a

single 0.044 mm diameter filament of 15.6 denier nylon 66 with density 1.13 gm/cm3
and chemical composition H{HN(CH2)6NHC0(CH2)4C0%9H. Four shots with a cathode-
anode gap of 18 mm yielded 730, 188, 102 and 62 cpm. On several shots the carbon
block in the calorimeter on which the 16 mg/cm2 graphite target was mounted became
activated, indicating that some protons were accelerated to energies above

3 MeV (six times the electron energy) in order to penetrate the target with
sufficient residual energy (0.4 MeV) to activate the calorimeter.

or nylon filament; D, outer conductor N
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When the graphtte anode wan vemoved but with a sfogle aylon ({lament
located ‘n the same posftion as hefore, tie count rate yiold dropped to
valuea less than those (or the {{lmn,

The diany cathade van noxt replaced with a 3,18 ew dlameteor graphite cathede

(see Fig. 2). The best vield (477 cpm) war obtained whon 13 ({laments weve

arvanged (n & spohe-like manner with 3 bundlen of 3 ({lamentr each.

A summary of thene results {s given {u the foilowing table.

Summary of lon Acceloration Expetrimenta at NCRU
Vartatton {n vount Rate
couts/min
_Diode Type ALepm = 4.5 x 107 piotens)
Folvethvlene anode with
3 1.27-¢m-dia. hole, brass
E cathode (Luce-tvpe) ALY
3 Polycarbonate f{lm (graphite
ancde with ), S-cm-dia, hole,
1 brass cathude) 13-20
e Nylon fi{lamentn
2 {(praphite snode wiih
3.8-cm-dta. hoele, braxn
2 cathode) 06-7 %
3 Nylon filaments
3 {no arvaphite anode,
= braas cathode) 0-23
E Nylon filamentn
4 (araphite cathode, no
3 graphite anode) 84-477

A Themaon parabola fon spectrometer haw beoen constructed fov the measatenent
of energy and momentum zpecttra and charge statex of varitour (ohr wccelevated by

the electron heam. A small quanitity of fone on the beam axix (0 welectad by

it A L

an aperture, and subsequently deflectod by pavallel B and B f{eldn,  ludividual

fons ave vecovrded on cellulose nitrate Cilm, which can be rvead with a tow

pover microscope after developtng., Thix spectrometeor te dexigned to obeevve

- protons in the energy range 150-300 heV, These meaxurementx will augment

the nuclear activation measurements and should help ux develop a thevretical

wodel for the acceslerat{cn mochantam,  Thix svatem {x now befug calibrated with
PLY)

a Am alpha particle avurce and will be put an line thia comtng vear,
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In collaboratiun with Dr. R.K. Parker, the propagation characteristics of
an {ntense c¢leciron heam injected {nto an cvacuated dielectric tube were studied
at the VEBA facility at NRL along with the fon acceleration series of experiments

discussed in sectfon JI1.C. Detailed results were reported in publicatious

Al and A4 listed in Section IV, When a 1.5 MeV, 65 kA, 60 nsec, v/y ~ 1.4 intensc
relativistic electron beam was injected into an evacuated (* 2 x 10-“ Torr)
7.6 cm diameter lucite pipe, the beam front advanced over the first 50 cm loength

at a velocity of 2 cm/nsec. As described in Section II.C., this velocity is

related to the rate of fon relecase from the wallz. The déliveored olectron bLeam
energy decrcases almost linearly with guide length, and the best transport in a
series of three diameters (G.3 cm, 1.3 cm and 4.1 cm) was obtained with the

largest diameter. For the 4.1 cm diameter tube, the calorimeter i{ndi{cated that

approximately 25% of the energy irjected into the guide propagated a distance of

60 cm. Since this energy agreed within 10% of the SfVIdt calculation based on the

diode voltage and Faradav cup current, the electrons reaching the end of the guide

had essentially their injected energy. Furthermore, the peak current delivered was

generally of the same order as the diode current, but the pulse width decreased
with guide length. This result fndicates that most of the energy loss resulted

from beam-front erosion. _
Electron beam propagation {n an evacuated diode is also under {nvestigation
on the 0.5 MeV 7-ohm line at NCSU.
The primary thrust of these experiments, as originally proposed by Little
and Greenwaldz. was the possible utilization of dielectric guides as ¢fficient
A thorough knowledge of electron beam transport under these

ion accelerators.

conditions i{s necessary since proposed models have {ndicated that ope must contrel
the motion of the beam {ront in ovder to maximize fon acceleration. The purpose
of the experiments at NCSU {s to study the gross features of relativistic eloc-
tron beam transport in these guides, such as: energy transport efficfency,

beam size and beam front velocity.
Figure 3 shows qualitatively the phvsical processes {nvolved {n this method

of beam transport. After {njectfon into the dielcctric guide or liner, the
beam immed{ately strikes the liner wall due to the initial electron trajectorics
caused by the diode contfiguration and radial expanzton due to virtual cathode
formation. These eclectrons release fons from the liner walls by surface

flashover and other undetermined physical processes which create a plasma at

The fons are dravn toward the iiner axis by tho electron
allowing

the liner surface.
space charge, at lecast partially ncutralizing this space charge
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147 ta (R_7R,) =53 kA

AR B T e

ALFVEN CURRENT I, = 17,000 (42 - nt’?

2 N e

- 29 kA
214 (eV./m cd)
Y= D' o

Fig. 3. Model of electron beam propagation in evacuated dielectric
guide. When the beam exceeds the space charge limi
. and releases atoums and ions.

sr Al LIl S

t, it expands
These ions ueutralize the alectsron
‘ space charge and the beawm propagates down the guide.

———

s

the beam to propagate further down the liner where the process repeats

The original {dea was that some of the ions would be accelerated and/or

3 trapped by the potential well at the beam front. Formulas are shown in the

figure for the space charge limiting current I e and the Alfvén limiting
current I..

3 A We are injecting currents above the space charge limit although

ve uge tio confining magnetic field -nd in certain cases propagate currents
: above the Alfvén current.

The experimental configuration is shown in Fig. é. The accelerator is of

the Marx generator-Blumlein water filled transmission line type.

In this
experiment, the diode voltage and current were 4G0~600 kV and 30-70 kA

respectively (pulse length t A 60 nsec, vacuum p = 5 x 10 ° Torr, no confining
magnetic field). The diode consists of a 3.2 cw diameter cyiindrical graphita

A cathode located approximately 5 mm from an annular graphite disc which
§ served as the anode.

wgAS I, JEITL LA OISR v e MU AT S P i L R Ly are
£ D PP e T 0

s i pA Frltd AR D IS L P ]

7 v p A Tl U ERELE 2 b AR L

Backing the anode was a dielectric liner coaxial with
3 a 10.2 cm ID stainless steel drift tube.

A1l mil stainless steel foil was
used at the exit of the liner to stop low energy plasma electrons.

Three m

1 behind this foil was a blue cellophane film which was used to measure the beam
3 size.

Transmitted beam energy and current were measured by a combination
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calorimeter/Faraday cup located behind the foil and file assembly.

The main
variables in this series werg the liner diameter (3.8 and 6.35 cm) and length which L
ranged from ~ 8-31 cm. The liner in all cases was a lucite tube with 3 5.4 om
wall-thickness.

To protect the leading edge of the liner from direct electron
bombardment, the anode inner diameter was varied to match that of the liner.

This variation also chengad the diode {mpedance. A typical open shutter photograph

of the large liner is shown in Fig. 5. Spacizoscopic measurements are reported in
the next Section E.

Fig. 5. Side-view photograph of the dielectric guide
vhen a 50 kA, 0.5 MeV electron bzam is fired into it.
Lichtenbergtype discharges take place inside the

dielectric. The slot is made to observe ultraviolet N
light for diagnostics.

Figure 6 shows typical waveforms for the 6.35 cm ID liner.

L

The diode voltage
in the upper right figure peaks at about §U0 kVwhile the divde current peaks at
about 30 kA.

R
PRI

The bottom four traces show the variation in the traasmitted
= current pulse I.r as the liner length is increased from §-31 zm. Points to note

are the initial sharpening and then rounding of the leading edge of the transmitted
current pulse and the decrease of the peak current.

in the start of the current pulse.

i

Note also the increasing delay
The delay as a function of length will be
shown later. The Alfvén limiting current IA computed From the diode voltage i3

shown as a bolder trace and lies helow the transmitted current.
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TYPICAL WAVEFORMS 6.35cm 1D LINER ;
- DIODE VOLTAGE
«——e DIODE CURRENT
e TRANSMITTED CURRENT
e ALFVEN LIMITING CURRENT
10 nsec :
3 LENGTH Lo 1 ot 3 44 4 %
8.3cm LINER 159 cm LINER
g T3 T T 1 Y T 1 Y Y | S | T T T X %
" IT JdL 1 A
N lA -f b= -y ;_%2
b ot b= - ?_
pun -l de I.’\ - 2
Ilo kA
o IOnsec = -
{ 1 1 | S | { 1 B | i | 1 | 1 i i ) N | 1 i :%
235cm LINER . 3i.lcm LINER
T 1T 1 T 1 1 T 1 T T T 1 T T T 7 i
o I 4L 1, i
B 1r -
1 B { | I | 1 1 LIS | B 1 | I I | 1 1 i | 8 1

Fig. 6. Typical diode voltage and current waveforms and transmitted current versus
tube longth for a 6.35 cm ID dielectric guide.
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Figure 7 shows the same {nformation for the 3.8 cm ID liner. In this
cane, the diode voltage peaks at about 430 kV and the current at 67 kA.
Notice that for the 8.3 and 15.9 cm lengths, we have exceeded the Alfvén limit-

g

ing current. We will veturn to this later. The other features are generally
the same as for the larger liner except for the more drastic rounding of the
: current pulse leading edge.
é Figure € shows the energy transmission efiiciency of dielectric liners.
3 The diode energy, ED. is computed by integrating the product of the diode
voltage and current over time. The transmitted energy ET' is determined from
the calorimeter thermocouple output. The energy loss is seen to be linear
with length. (The error bars represent the standard deviation of at least
3 ghots/liner length.) It should be noted that the transmission efficiency may
appear low compared to other transmission schemes mainly because the transmitted
' energy is compared to the beam energy ian the diode region and not the actual
é energy injected into the liner. A large fraction of the beam energy is lost
E at the anode due to the diode configuration. The diode geometry could be
4 optimized to improve this fraction.
3 Figure 9 shows the determination of the beam front velocity. The trans-
1 mitted current delay is the time (in nsec) between the start of the diode
current pulse and the start of the transmitted current pulse. Refer to the
representative waveforms presented in Figs. 6 and 7. The reciprocal of the
slope is the beam front velocity which is 1 1.4 cm/nse. for both liner sizes.
Bean size information is given in Fig. 10 which shows representative
blue cellophanc films for the various liner lengths. Note that for the 8.3 cm
length at 6.35 cm ID and 8.3 c¢cm and 23.5 ecm lengths at 3.8 cm ID, the beam
é current density is sufficiently high to burn a hole near the center. The blue
cellophane film for the 8.3 cm length at 3.8 e¢m ID shows that the beam fills
the liner. The cathode diameter is 6 mm less than the liner ID. This is con~- N

sistent with our previous observation that we exceeded the Alfvén current for

.
=
=
i
'

the 8.3 cm length, that is, we have created enough plasma for some current
neutralization. The other films show that this is not maintained for longer
lengths. Note also, by examining the diameter and opaqueness of the cloudy area
that the beam appears to be pinching and that either the beam current density

is decreasing or the pulse duration is shortening. This is in rough agreement

with the work by Kolcmensky7.
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TYPICAL V AVEFORMS 3.8¢cm ID LINER
. DIODE VOLTAGE
: ae—— DIODE CURRENT
— TRANSMITTED CURRENT
— ALFVEN LIMITING CURRENT
LENGTH | I N | ] ] [] [] { 1
83 c¢m LINER 15.9 em LINER
13 R L 1 IR B 1 I i 4 l i 1 I I IR | i i R
_‘ 1 ] I J 1 ] ] 1 1
235 cm LINER 3llcm LINER
1 k1 11 ] | }) i 1 1 1 i R 1 § 1] 1] 4 i k)
: L
- IT Jus o =N
R 4L I
1 I, A
3 r 4 1 1 || 1 1 | S | ) B | 1 1 1 1 | I | 1

Fig. 7. Typical diode voltage and current waveforms and transmitted current versus
tube length for a 3.8 cm ID dielectric guide.
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In conclusion, we have shown:

i. Transport of injected bean encrgy is fairly efficient. 3eam loses
energy linearly with liner length ~ 12 J/cm.

2. Suificient plasma can be produced from an evacuated dielectric
guide to provide some current neutralization.

3. As has been shown in other beam propagation studies, the current
propagates in a pinched beam below the Alfvén limit.

4. Beam front velocity is approximately constant at l.4 cm/nsec.

Spectroscopic Investigations at NCSU .

A McPherson 216 l-meter spectrometer acquired on loan from NASA has been

used to study the ionic species produced when the electron beam strikes the

inside surface of the dielectric guide. Figure 1! shows the experimental set~

up.

The light is observed through a quart: window which transmits down to

1800 A. A slot was made in one side of the lucite guide, and the quartz lens

was focussed on the axis of the tube. Figure 5 shows an open shutter photo-

graph looking through the quartz window. Time integrated spectra were taken

during the beam propagation studies reported in the previous section. A

typical time integrated emission spectrum is given in Fig. 12 which shows a

microdensitometer trace of the exposed film. Some of the identified species

- +1 . .
are indicated in the spectrum. Most of the pruminent C ~ emission lines are

observed as expected. The observed intensitvy ratio of C+2 (2297 A) and C

+3

(2530 A) lines implies a temperature in excess of 8 eV for a plasma in thermal

equilibrium if it is assumed that the triply ionized carbon ions are produced

and excited by the {nteraction of the plasma electrons with carben atoms which

are evaporated from the anode or dielectric surfaces. The table on a foilowviag

page lists the spectral lines identified to date. Silicon comes from the diffu-

sion pump oil adsorbed on the anode and dielectric surfaces, and aluminum from

the inner surface of the accelerator diode. Spatial as well as temporal varia-

tions of the eomission lines wiil be cdetermined in subsequent experiments. In

addition, ion velocities will be measured by observing the Doppler shift of

certain lines.

F.

Blue Cellophane Witness Film Calibration

Blue cellophane film can be used to defermine the current density of electron

beams. Upon exposure to an electron beam, the blue dve bleaches out and the

s e T ki i e I L T mn e P : e e
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2478,56

2582,90

2509,12
2512.07
2836,71
2837.60
2992.65
3918.98
3920.69
4074,52
42€7.00
4267.26
4075.85

22%.87

2529.98

IDENTIFIED SPECIES

S1

2435,15
2506.90
2513,32
2516.11
2519.20
2524,11
2528.51
2881,58
3905.52

3862.60
3856.02

2541,82
3086.24
3093,42

Al

ALt

3082,15
3092,71
944,01
3961, 52

2816.18
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change {n fractional tranamissfon covefficient {s essentially proportional to

e ey '""""’W‘""“"L“'"""WMWQWK r"L

the anergy deposited by the electron beam as {t passes through the ({lm accord-

ing to

D = AT/K

4
|
i
i
3
;

wvhere D {s the absorbed dose in rad (100 erga/gm), AT {s the change in frac-
tional transmission cvefffcient, and K {s a calibration factor. Henlev and
Rlchmans obtained K » 0,034 x 10‘6 (x‘ad)”1 with a low current acceletator.

"
From the definftion of stopping power Sp {(MeV - cm“/gm)

Sp » AE/pds,

where AE is the energy loas by the electron beam {un passing through a distance
Ag of film with densitv p (about 20 keV {n a 0.0025 cm thick fiim), the change

‘
in transmission can be related to the electron beam's current density J (ampa/om™)

as follows

J=6.24 x 10 e ST/KS st

vhere e » 1.6 x 10‘19 coul, At {s the duration of the beam pulse, and

6.26 x 10' MeV/gm = 1 rad.

In ordeér to check cut sur procedure, we exposed film ustng the experimental

arvangement shown {n Fig. 4. A thin stainless steel fofl placed {n (ront of

the film prevented low energy plasma electrons from rupturing or expesing the

e i e <y 4 058 M

film. The transmitted electron beam current was simultanecusly recotrded by

%

the Faraday cup monitor. A Leeds=-Northrop Knorr-Albers microphotometer

Model 6700-11 was modified to aceomodate a He-Ne (6328 A, red) laser am the
l{ght source for reading the change {n the fracticnal tranamission coeff{cient
of the exposed blue cellophane film. With these measurementz we were able to

{independently determine a calibration facter. The result was

K = (0.031 + 0.006) x 10°% (rad)~!

which {a withi{n vue standard deviat{on of Henley and Richman's result

K e 0,034 x 10‘6. Even though our total doses were compaiable (o thefrs,

our dose rate was 8 ordera of mapgnitude greater than theivrs, The range of
current densities of 0.5 MeV electrona that we can measure with blue cellophane
is 40-630 anpa/cmz. corresponding to AT changes of 0.01-0,16, Above this
current density, the cellophane begina to Wecome m{lky white and vpaque rather

than more transparent. This technigue will be ureful {n obtatning radial

current Jensity profiles i{n future beam propagatf{on studies.
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G, _Electron Beam Propagation in Evacuated Mapnetized P'ipcs

One of the odbjectives of this research program is the study of intense
nonneuttral electron beam equilibrium profiles and quality in an axial magnetic
ficld in an evacuated wetal pipe. The magnetic field producing solenoid and
capacitor bank have been checked out and calibrated, and the drift tube
sections have heen fabricated. Experiments on this.phase of the project will
begin during the next year.

One of our students, Robert Jackson, worked with the Parker-Granatstein
free electron laser team9 as an NRL summer emplovee in 1978 on the problem of
electron beam quality. This work involved computer simulation of electron
trajectories in the diode and magnetized drift tube reglon using a modified
version of Herrmansfeld's SLAC electron optics code, aud related experiments
on the VEBA facility. These investigations are closely related to our basic
studies of beam propagation and were continued by Jackson at NCSU. A summary

of this work is contained in abstract C7 in Section

In addition to the simulation work, Jackson, jdintly with two other
students in the department, one of whem will be working on the NCSU experi-
mental beam propagation experiments next year, has made a theoretical study,
of intense electron beam equilibria in nagnetized pipes using a relativistic
cold fiuid model. These studies generalize Dinment'slo earlier work. A
rough draftll of this work is attached to this progress report.

H. X-rav Pinkole Camera

One of the diagnostic methods for determining the current densitv of

electron beams that are too intense for the hlue cellophane technique consists

of observing bremsstrablung X-rays produced when the beam passes through a

wire mesh or foil, or strikes a target. For this purpuse we have constructed

an X-ray pinhole camera from a set of plans obtained from Glen Kuswa of Sandia
Laboratories. The 0.25 mm diameter pinhole was fabricated by pouring lead in
a specially constructed meld. Diffraction of light from a He-Ne laser directed
at the pinhole shows the expected pattern for a perfect cirvular aperture.

This camera will be used {n our studies of beam behavior in our beam concen-

tration, propagation, and ion acceleration experiments this coming vear.
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1. Iavestigation of the Dielectric Cathode Guide

The dielectric cathode guide was introduced by this laboratorylz with
earlier AFOSR support for concentrusting and guiding the deiivery of beams, and
it produced the greatest electron beam current density attainable at that time.
This effort on the Boeing Radiation Etfects Laboratory FX-75 machine has been

"
. o T o] L AP o i

coapleted arnd documented in publication A6 and dissertation B3 listed in Section IV.E

Abstracts. of this work appear in Sectior IV.D. It {s planned to investigate
the pruperties of the dielectric cathode guide on the low impedance 0.5 MeV
7-ohm line machine at the NCSU laboratory this coming year.

J. Other Projects

The experimental effort on beam front scattering of electromagnetic
radiation by a magnetized relativistic electron beam was completed during
the first year of this contract. Two publications (listed as A2, A3 in
Section IV and a dissertation (B3) were published after our last progress
report. Abstracts of these w@tks appear in Section IV.D.

The development of a computer simulation model for the FX-75 relativistic
electron bezam accelerator has been completed and documented in publication A5
and dissertation B2 listed in‘SectionIV, with abstracts appearing in Section IV.D.

Computed veoltage and current waveforms, which depend on the machine configuratior

and electron beam characteristics, agree exceptionally well with observed waveforms. ;

A publication was prepared on the development and operation of a nanosecond
response gasket-type magnetic loop current monitor for relativistic electron
beam current measurements {see publication A7 ir Section IV and the abstract in
Section IV.D.

Deuteriopolymethylene (CDZ) is used in a variety of relativistic electron
beam experiments ranging from ion acceleration to target preparation. It is
commercially available in powder form, but machinable blocks have been needed
in applications such as in the Luce-type dinde for ijon acceleration. With
the mutual interest and cooperation of our Chemical Engineering Departament,
and some support for supplies from our previous and current AFOSR contracts,

a pilot semi-batch process for the production of high deuterium content (972)
(CDz)n in gram quantities was designed and set up. This project is new completed.
A thesis, listed az publication B4 in Section IV, summarizes "The Effects of
Process Variables on Properties of Deuteriopolymethylene in & Semi-Batch

Scale System.”
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3 D. Abstracts of Publications, Dissertations and Papers Presented

The full citation to these abstracts is given in Sections A, B, and C above.

Al. COLLECTIVE I0% ACCELXMATION AND INTENSE ELECTRON BEAM
PROPAGATION WITMIN AN EVACUATED DIELECTRIC GUIDE

J. A. Nasour® and R. X. Parker
= Naval Ressarch Laboratory, Waskington, D. C. 20375

3 V. O. Doggett™ and D. Pershing
- North Carolina State University, Raleigh, North Carolina 27607

R. L. Gullickson
ALt Force Office of Scientific Research, Bolling AF3, DC 20332

Abstract

e b

Experiments vere conducted to extend a previous study’ of collective

: ion acceleration and slectron beam propagstion within an evacuated disles

tric guideto higher beam energies. The typical electron besm injection

conditions were as follows: current ~ 65 kA, nlm; ~ 1.5 MV, viy~ Lk
and pulse duration ~ 60 nsec. Beam propagstion was found to depend upoa

space charge neutralization resulting from foas relensed from the walls

of the dielectric guide., The primary energy loss mechanisa vas found to

be erosion of the bo- front. With a diode consisting of a small dis-
mater cathode but 8o anode foil, protons with kinetic energies up to

1b MeV vere detected on axis wsing nuclear activation techatques. m‘
saximm observed yteld wvas ~ 10*® protons (X > 3.8 Nev).
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2. Multichannel grating spectrometer for millimeter waves
J. A. Pasour®
Depariment of Phycs. North Carolina Stete University. Raleigh. Neeth Caroline 27607

S. P. Schiesinger®

U. 5. Naral Research Laboratory, Washiagton, DC 20375
(Received 28 March 1977, 1a final form, 2 June 1977)

A multichannel grating spectrometer for use with high-power (~1 MW), short-duration (55
ns) pulses of millimeter-wavelength radiation is descnbed.

Al3.
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“Rclativistic mirror” experiment with frequency tuning and energy gain®

J. A. Pasour'
North Coroline Stete Univeruty, Ralergh. North Coroline 27607

V. L. Granaistain and R. K. Parker
Nevel Rereerch Leboraiory. Washington. D C. 20373
(Recerved 21 August 1977)

The front of an wtense relativistic electron beam has been uswed to reflect 8 counterstreaming
electromagnetsc wave {f, = 93 GHz. P, = 230 kW) A doubly-Doppler-shiflted reflected wave with a pulee
duration on the order of 3 nancecond has ween praduced with a siafold increase in frequency, & 13-dB
power garn, and a doubling of wave encrgy The output has bdeen analyzed with a multichannel grating
spectrometer and found 10 have a spectral width A/ of ~ 3% The reflected-wase frequency was tunable
over a rang: of ~ 4+ 207 by umply sarying the external magneuc field. and over a much broader range by
simultaneously changing the beam nse time All these obtervations are in good agreement with 3 simple
theorencal madel of heam-ftont scartening This mechanism represents a new lind of short-pulse, high-

power, tunable source of millimeter tand probahly submillimeter) waselength radiation, and it could be
mmedutely useful as an eleciron-beam velocity disgnosti.
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PROPAGATION WITHIN AN EVACUATED DIELECTRIC GULDE

J. A. PASOUR* and R. K. PARKER
Naval Research Laboratory, Washington, D.C. 20375

R. L. GULLICKSON
Alr Force Office of Scientific Research, Bolling AFB,
Washington, D.C. 20332

W. O. DOGGETT** and D. PERSHING
North Carolina State University, Raleigh, NC 27650

An experimental study of collective ion acceleration
and electron beam propagation within an evacuated dielectric
guide has been performed. This experiment extends a previous
study® t¢ higher beam energies (voltage = 1.5 MV, current s
65 kA, vy = 1.4, pulse duration as 60 nsec). The electron
beanm i{s injected into a Lucite tube which is located inside
a stainless steel cylinder. When the beam current exceeds
the space charge limit, a virtual cathode forms at the beam
front and electrons are lost to the wall of the acrylic
guide, thereby liberating ions. Beam propagation is facili-
tated by the space charge neutralization provided by these
ions, and a potential well travels down the guide with the
beam front. Both radial snu axial acceleration of protons
are observed. It is likely that acceleration arises both
from trapping of ions in the moving potential well and from
the break-up of the well. Protons have been axially accel-
erated to 10 times the applied voltage, and a total yield of
~ 10'3 protons with energy > 5.8 MeV has been detacted using
nuclear activation techniques.

A SIMULATION MODEL FOR THE FX-75 RELATIVISTIC ELECTRON BEAM ACCELERATOR

Richard L. Copeland’, Herbert P. Neff, Jr.Z, Willard . Sennett3,

David L. rorrow3, and John L. Adamski

1--Radiation Effects Ladoratory
Soeing Aerospace Co.
P.0. Box 3999, M/S 2R-00
Seattle, Washington 98116

2--Departrent of Electrical Engineering
University of Tennessee
Knoxville, Tennessee 37916

J-<Depirtment of Physics
Morth Carolina State University
Raleigh, North Carolina 27607

fbstract

A one-dimersicoml, time-dependent coaxfal trans-
mission line model {s presented for analysis of the
voltage, v(z.t), and current, 1(z,t), response to an
electron beam load for the FX-75 accelerator. The
wodel consists of finite segments of coaxial trans-
aission lines separated by lumped equivalent circuits
representing the various adrupt discontinuity points.
fach line segment i3 divided into two one-dimensional
grids with & 0.1 nanosecond transit time grid separa-
tion for the dackward and forward TEM waves. Results
from program FXPULSE utilizing & thirty-eight line-
load representation of the FX-75 accelerator for a

o timxeinvariaat, high-impedance diode 1oad show close
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Paper D-5 Presented At The
VII! International Symposium on
Discharges and Electrical Insulation in Vacuum
$5-7 Sept. 1978, SANDIA Laboratories, Albuquerque, NM

FLASHOVER SPEED AND SURFACE CHARACTERISTICS
OF DIELECTRIC CATHODES IN A RELATIVISTIC
ELECTRON BEAM ACCELERATOR®

Ray M. Stringfield, Jr.t, w. O. Doggeit and
W. K. Bennett
North Carolina State University
Ralaigh, Horth Carolina 27650

ABSTRACT

The propagation speed of the flashover light produced by the filament-
ary surface breakdown of alumina dielectric rod cathodes used in a 3 MeV,
80 kA, 35 ns pulse duration relativistic electron beam accelerator has
been measured. The light propagates fram the cathcde-dielectric junction
at mean velocities of (0.070 + 0.033)c on uncoated alumina rods and
(0.044 + 0.011}c on a rod coated with Cr,05. These results appear to
support the secondary electron avalanche model of fast flashover proposed
by Anderson.l The path followed by the discharges is very reproducible
over fifty or more events on each rod, except when straight grooves are
sawed into the rods along their lengths. In this case, the filamentary

paths are irrepraducible. The irreproducible filamenting on grooved
rods can be stopped by depositing a thin layer of graphite in the base of
the groove. Alterations of the rod surface after flashover have been N
studied with scanning electron microscopy and proton recoil analysis.
Uncoated aluminx rods reveal no change other than discoloraticr except
7 within the first two millimetars of the dielectric-metal cathode junction,
3 . but the Cr 0, con the coated rods appears to be themmally removed by the
flashover.

g et

N

= This work was supported by the Air Force Office of Scientific Research
(Contract #F49620-76--007) and Boeing Aercspace Campany.

Tourrently employed at Pnysics Intermational, San Leandro, Calif. 94577.
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A7.

Nanosecond response *“gasket-type” magnetic loop current
monitor for relativistic electron beam current measurements
Richard L. Copeland and John L. Adamski
Boeing Aerospece Company, Rediation Effects Laborsiory. M/S 2R ~0Q Box 3999, Seeattle. Washingion 98124

Wesley O. Doggett, David L. MGrrow, and Willard M. Bennett

Depuriment of Physcs, North Caroling Stete Unwersity, Ralegh North Caroling 27607
(Received 14 September 1978; in final form, 30 October 1978)

A fast response magnetic ioop current monitor has been developed to measure relativistic
electron beam return currents. The monitor has a rise time of about 2 nanosecond and a high
degree of symmetry with moderate sensitivity, variable irom about 1 to 10 V/KA. This simple
monitor, with a thickness of 0.254 mm or less, is thin enough to be placed between segments
of retumn current path in the diode or drift tube regions, is insensitive to flashover, beam and
plasma bembardment, and radiation effects, and measures net current, thus offering some
advantages over cunventional magnetic probes, since the main components are outside of the
7 vacuum region. Design criteria, an equivalent circuit analysis, and typical calibration
wavsforms are presented. Experimental current measureinents for a pinched electron beam
diode configuration using both conventional magnetic probes and “‘gasket-type’current
monitors with the FX-75 relativistic electron beam accelerator are presented.
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Bl.
ABSTRACT

L A 1

PASOUR, JOHN ALAN. Reflection ¢f Electromagnetic Radiation from the
Front of a Magnetically-Confined, Relativistic Electron Beam. (Under the
direction of WESLEY O. DOGGETT.)

Reflection of an incident microwave pulse (fi “ 9.3 Qiz,
P1 = 520 kW) from the front of a magnetically-contined, relativistic
electron beam has been experimentally observed and theoretically
analyzed. A Doppler-shifted reflected wave with a pulse duration cn

th: order of a nanosecond has been produced with a six-fold increase in

frequency and a power gain of 10 dB. By analyzing this output v <« a
3 multichannel grating spectrometer, the spectral intensity profile has t

E been determined to have a width AA/) of approximately 5. The reflected-

ot R o 00 o w2,

wvave frequency was tunable ove:r a range of -20-30% by simply varying the

o) Ol

external magnetic field, and over a much broader range by simultaneously

changing the beam rise time. All these experimental observations can

=
=

be explained quite well by a theoretical model of beam-front scattering,
vwhich predicts that reflection should occur near the cyclotron resonance

in the spatially-varying bean front. The maximum beam-frame reflection

coefficient predicted by the model is 15X for a right-hand-circularly-
polarized wave, or 7.52 for the linearly-polarized wave used in the

experiment. Although the 5-M{, 50-GHz output observed corresponde to a

ity e

reflection coefficient of 16X, the difference can probably be att..ibuted

to the approximations used in the model. The beam-front scattering

; mechanism represents a new kind of short-pulse, high-power, tunabdle
% source at m{llimeter (and probadly submillimeter) wavelengths, and it

could have important applications as an electron beam diagnostic.

MW
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ABSTRACT

COPELAND, RICHARD L. A Simulation Mndel for the FX-75 Relativistic Electron
Beam Accclerator. (Under the direction of Willard H. Bennett.)

Since the first report of pulsed high intensity electron beams,

1 Present

many advancements in pulsed power technalogy have been made.
accelerators are capable cf delivering 100 KV-10 MV, 10 KA-3 MA,
20ns-100ns output pulses.

Usually, a high voltage coaxial transmission line is either d-c
or pulse charged to slightl’ less than the high voltage limit due to
streamer formation and flashover between the transmission line
electrodes. Then, a spark switch is closed, propagating a backward and
forward T.E.M, wave from the spark switch discontinuity point. The
forward wave propagates down a coaxial vacuum field emission tube, where
cold-cathode field emission of electrons occurs all along the cathode
shank (inner conductor). £Zlectrons emitted along the shank are usually
magnetically insulated from the coaxial anode wall, forming an
"electron sheath between the metal concentric conductors. This
electron sheath forms the effective inner concentric cylindrical
conductor. Usually, the cathode shank dimensions are chosen such thas
the characteristic impedance is scmewhat larger than the charged iine
because the effective line impedance is determined by the electron
sheath radius and the outer conductor radius. Tﬁen, when the wave
reaches the anode-cathode gap, the field-emitted eleczron. are

accelerated across the gap, thus forming an electron beam lcad

discharge.
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Relativisitic electron beams have been used extensively since the
early 1960's to generate intense x-ray bursts, for use in materials
response studies, flash x-ray radiography, nuclear weapons environnent
simulations, ana other various radiation effects studies. Recent
applications include collective ion acceleration, where ions are
accelerated to energies greater than the electron beam energy and move
in the same direction as the beam electrons.z Also, recent experiments
have demonstrated the feasibility of generating intense pinches with
current densities up fo 10 MA/cm2 within the ;ccelerator diode.s’ 4
Calculations by M. J. Clauser predict breakeven fusion burn conditions
when 1015 W of electron bram power is applied for 5. ns to a 2 mm
diameter hollow metal sphere filled with DT gas.s Nete that these high
power requirements are well beyond pr;sent pulse power technology
capabilities. The production of large, several gigawatts, bursts of rf
power for several ns duration has been reported by J. A. Nation when an
intense relativistic electron beam interacted with a long periodic
structure inserted into the elect-on beam drift ube.6 Also, the
possibilities of using these intense electron beams to pump high pressure
gaseous media to excited states seems promising to the field of high
energy pulsed lasers.

The purpose of this dissertation is to develcp a numerical mode! to
predict the one-dimensional voltage and current T.E.M. waveforms for the

FX~75 relativistic electron beam accelerator. The model consists of

finite segments of cosxial transmission lines separated by lumped

TN 7%
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.experimentally measured waveforms. The results are in excellent

Lot st

e

equivalent circuits representing the various discontinuity points. Each
line segment is divided into two one-dimensional_grids with a 0.1 ns
one-way transit time point-to-point grid separation for the backward

and forward T.E.M. waves. The electron beam discharge at the anode-
cathode gap position i3 represented by an R, L, C lumped equivalent
circuit with generali:zed time-varying parameters.

A one-dimensional time-dependent four line-load model, Flash, was
used to simulate the FX-75 accelerator. A more compiete fifteen
line-load model, X-Ray, will be utilized to make small corrections to-
the Flash results. Numerical results from Flash and X-Ray are presented

for two diode configurations and these results are compared to typical

agveement for the high impedance flash x-ray time-independent electren
beam load case, while somewhat less agreement was found for the low
impedance time-dependent electron beam load case.

This simulation modeling approach may be useful in redesigning the
accelerator and field emission tube components to produce optims!l
parameters for specific applicarions. These simujaticons will be
utilized by the Boeing Radiation Laboratory, located in Seattle, 8

Washington, in redesigning and optimizing tne FX-7S5 electron beam :

accelerator.
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B3.
ABSTRACT

STRINGFIELD, RAY MODEZ, JR. Surface Flashover Characteristics of
Alumina Dielectric Guide Cathodes in an Intense Relativistic Electron
Beam Accelerator. (Under the direction of WILLARD H. BENNETT.)

The surface flashover characteristics of alumina (A1203)
dielectric guide cathodes have been experimentally observed and
interpreted in light nf the mechanism of surface charging proposed by
Boersch et al, de Tourreil and Srivastava, and the model of flashover
propagation proposed by Anderson. Alumina reds with and without a
coating of Cr203 were studied. Measurements of the temporal behavior
of the discharge, including the time of breakdown, and the propagation
velocity of the flashover light front along the rod length were made,
as well as observations of the reproducibility of the flashover path
over many discharges. A method of timing fast events is presented
which can be used when the experimental conditions preclude more
conventicnal methods of measurement. The light from the discharge is
found to initiate at the junction of the alumina with the metal center
conductor of the coaxial vacuum dicde within 2 nanoseconds of the start
of the beam current, propagating dowm the rod length toward the anode
with a velocity of about 0.07 ¢ for bare alumina rcds, where ¢ is the
speed of light, and 0.044 ¢ for a rod coated with Cr203. Examinations
of the surface of the rods after the tests using a scanning electron
microscope &nd proton recoil analysis indicate that the suriace of
bare alumina rods is substantially unchanged by the discharge but that
the coating is removed from the Crzc3 coated rods along the discharge

filament path but not from elsewhere on the surface. Attempts to have




the filament form in a groove sawed along the length of two rods failed. i
Howaver, by depositing a thin, non-conducting layer of graphite iato
the base of the groove, the discharge was induéed to remain in the
channel for the four discharges observed. Bothk the r;moval of the
Cr203 from the filament path on the cvated rods and the propensity of
th; discharge to follow a thin layer of deposited graphite suggest
that either or both effects may be useful for inducing the electron
bean to follow a prescribed path. The reproducible filamentary dis- '
charge observed on the rods used during the ﬁropagation velocity

seasurezents cou’s not be induced to form when a diode was used having

tuice as large a characteristic impedance (~250 ohms vs ~125 onms).

LT

In this instance the form of the discharge varied without an apparent
pattern between & uniform sheath, a filamentary discharge, and no

% apparent discharge, with only & centimeter long band of luminosity

near the ancde end of the alumina rod.
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B4,
ABSTRACT

EMMANUEL, JORGE AGUSTIN OROZCO. The Effects of Process Variables
on Properties of Deuteriopolymethylene in a Semi-Batch Bench Scale
System. (Under the direction of EDWARD P. STAHEL).

A semi-batch semi-automated bench scale system for the production
of linear and branched deuteriopolymethylene was developed. Linear
polymer was produced by decomposition with BF3 or (CH30)33 of dideu~
terodiazomethan2, which in turn had been generated through the
Diauld® route. Branching was achieved by polymerization of a
mixture of deuterated diazomethane and diazoethane. The latter wvas
obtained from the hydrolysis of N-ethyl-N-nitroso-p-toluenesulfonamide,
the ethyl homolog of Diazald ® .

A literature survey of diazoalkane precursors, various aspects
of the polymerization and a comprehensive review of proposed reaction
mechanisms of the reaction of diazomethane with BF3 are provided.

The synthesis of the diazoalkane precursor is described and the
results of its analysis are presented. Yield enhancement studies
suggested the use of a carbitol-methanol catalyst-solvent system for
the generation. Both precursors were simultaneously hydrolyzed to
form the diazoalkanes. Considerations of economy and of safety,
iecluce of the toxicity and explosive potential of diazoalkanes, were
inherent in the final design, which included a generator, two reactors

and a safety vessel in sequence.
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The resulting deuteriobolymethylenes of varying properties were
characterized using infrared spectroscopy, differential scanning
calorimetry, x-ray diffraction and viscosimetry. High molecular weight
polymers were produced whose melting points, heats of fusion and
crystallinities decreased with increasing degrees of branching. Deu~
teration was estimated between 60 to 70Z.

Results of a nuclear magnetic resonance spectroscopic analysis
raised some question regarding reaction mechanisms. Recommendations
for future work were made providing guidelines for increasing deutera~-
tion in the final procuct, kinetic and gel permeation chromatog:aphic

studies.
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(2976). ' R 8

C3.
4 Callective 1on Accalerution and Iwtewse Klectroa

ﬁm&‘a An Ivacuated Tiejestric OCuide.
PARNR and J. A, PASXR,

nv__\; Research ladaratory,
. 0. noc.gn'r sad D. NEXSEDC, Rort) Carciise §

State ni~
Ly, a0d R, L. QULLICXSCN, Alr Poree OfY1:e egﬁ
aptific Res B--Dxperiamts vere condusted te axtend
Y ous & of collective 108 accelerstion emd elec-
tres beaa prepegation vithla aa svacuated dielectric guide
40 higher beam emergies. Ia theee aurismts, the typi-
el alectron bemm iajection e¢onditions vere as fellewe:
omreat ~ 65 RA, voltage ~1.9 W, vAA = 1.0, and pulse
Guretion ~ 60 save. Bemn propagstios depended wpoa Tpece
ebarge smutralizatiae resultisg from ioas released frem
the walls of the dlalectric gquide. The prinsry morgy
1eer mecheniom vas cresion of the beem frest. With &
ALl dianeter cathode and no ansde fell, pretens with
Maetic esargies wp 40 30 MoV vere detocted an axis. The
mxime ehoerved yiald was = 10'? prvtens (B> 3.0 V),

.:I Mesearsh Aseeciane.

N 3y APGER wader Centrast PA9630- T6-C-000T.
A Creamnld, R. lowvall, & R, Little, Dull. As. Pugs.
Sex. I, LAY (1976).

cs. &4

riz A Newly [%:vg *Cashet-Vype® Current Monitor
[ # Tyrrgat Negturements omhuv!sﬂc eciron

. L. Copeiand, J. L. Ademskt, Joeing Aercipace
. ond W. 0, Doggett, D, L. Merrow, ¥. K. Bennett,

» Coroling L jvers ity «« Recent (aprovements
at requency response of “gashket-type® current

weniters Ms extendeg the low frequency reipense sigatfi.

cantly over previous’ work, The monitor has a risetiame
of about & nanosecond and ne apparent voltige droep for
o9 t0 100 namosecond pulsewidtng. This wonitor Mas the
asin components sutiide of the vacwum region mahing 12
relatively tmaensitive to Tlashever, snd beam or plawme
Sembarédnent. Current saalurements for Dwo different

diode mﬂpuuus using Oth Conventional segnetic
and

asccelerator are presented,

Sert supported by the Afr Ferce Office of Scientific
Anseerch and The Seeing Aerespace Company.

2. L. Coseland ot al, UM, Am. Pys. Sec. Ne. 9,
1081, Oct. 1976.

c5.

o3 feston Spectre from the Plaswas Generated
Jr s delacivistic Blectron Beas §n ag Evacusted

5“_ etric Cuide.® J, J. KIM, D. L. MORRUN, D. PERSRING,
. R, SHIIN, ond ¥. O, J00CLTT, North Carolins Stete U;,

Raletgh-~Collective fom sccelarsties and electren besa
propagation have besi previously sheerved ia as evecwatel
dlelectric guide.ls? They substaatislly depend vpon the
gelde length and diamatur. Jeanm prepagstion 1o facili-
tated by spece caarge neuttalizaties dus te tons releasel
from the walle ol the diclecstric guide. Mniasion spectm
ia the near-witravielet te vieible ramge are beting
studied for the plasaas preduced by & RES (0.3 Mev, 30
BA, 60 moec) is dielectric tubws of variows aises. The
opatial varistions and temperal behavier of the ealssise
opectea vill be presented L(n connection Vith dean pre-
pagation and collective ise seceleretions experimsats.

Shupperted by AFOSR wader Coatract Pa9410-14-C-0007.
1A, Oreomvald, Third Imt. Conf. on Collective Netheds of
Aseelarstion, Moy 12-23, 1978, Dutversity of Califersta,

Irvine.
23, A. Paseut, R. K. Parker, R. L. Qulitchacs, V. O.
Beggett, and D. Parshisg, 1bid.

c6l

m™m felativietic Rlectron Be vt in @
%Qloﬂrlc Cutde. D. B. PERSHING, C. M. ARMSTAONG, J. J.
s Du A. RARTIN, D. L. NORROM, P. J. MURRAY, V. P.
SOLERS, J. R, SQTH, ard V. O. DOSCLTY, North Cavolims
State U.%—Rarlier expe:imental fovestigetions’ of
1atesee relativistic eluctron baam Prepagition charecter-
fotica ia evacuated aciylic pipes have boon axtended teo
0.5 Ya¥, ¢0 neec boems preduced with the lov tapedance
(7 odm) accelarater at CSU. leme craated by electrens
striking the isterier sutface of the dislectric pipe
provide space charge aevivslisation for baam prepage-
tton.d Resulte will be presested of experisents ia whteh
the fajectod current emcevds the Alffen limiting curtemt
te deteruine the degree of curreat sevtralization preo~
vided by the backgrowmnd plasma. Nessyremsate inciude
basa slse, saargy treaspert, aand iem acceleratien.

SSupperted by Alr Peree Olitce of Sciemtific Besnareh
Cotreet fe, PARG20-74-C-0000,

I8, K. Perhar, J. A. Peswur, V. O. Deppett, O. E.
hiag, ond R. L. Cullichavm, Bull. Am. Phye. Bee. 12,
un am, .

13, ereewnnld, R, lowell, end R, Lictle, Dull. 4a. Phye.
Sec. 31, 1147 (1976).

patket-type® current asnitors with the Fi-7%

A P o A0 B Bl
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c7.

of Beam Quality in Relativistic Crossed.
E;%& Inleztian Jlodes. Re H. JACKSODL, . anéd K. K.
PARIR, Navul Fesearch laborstory” --Erxperiments in
collective ion accelerstion and stimulated acattering
require the use of cold electron beams for efficlent
interactions. Cold beasm productiod in follless diodes
1s particularly difficult due to the crossed-field
nature of the flov. 7This difficulty can be overcome in
part by quasi-adiadatic expansion of the dbeam. In this
configureation the beam 1s lsunched in & high magnetic
£161d and expanded into a lov field region down the
arify tube. Results of experiments to characterize
conventiooal diode and expansion dinde effects on deam

quality vill de compared vith mumerical studies and
related theory.

*Work supported by OXK.

c8.

HI s Intense Relativistic Electron Besm Expanding
inte a Pleld-Free Vacuum®. F. MURRAY**, D, PERSHING,

J. SHNITH, and W. O. DOGGETT, North Carolina State Uaniv.,
Releigh, N. C.~-An intesse rvelativiscic electron beam
preduced in NCSU's 7 ohm diode (0.5 MeV, 70 kA) is fired
through a hole {a tha snode plate {nto a fleld-free
vecuum. The transaitted portion of the bean expands as
& result of its own self fields. A priacisle disgnostic
euployed is blue cellophane film which {s calidrated to
give current density as & function of change in trans-~
aission coefficient for ved light. The transmission
cosfficient is determined on an optical microdensito-
seter vhich has been modiffed to sccommodste He-Ne laser
as its light source. The calibration constant vhich
relates the current density to the change 1o transsis-
sios sgrees within experimentsl error vith s pnv!oruv
Published value at much lover dose deposition rate.
Preliminary results vill be presented which shov tne
cadial bdean profile o3 & function of axial positics.

*Supported by AFOSR Contract No. Fi9620-76-C-0007
*40n sadbbacical leave from U. of Scranton, Scranton, PA

g, J. Menley ond D. Richasn, Anal. Ches. 28, 1580
(1936).

cS.

"1 Collective lon Acceleration bv Intense Rela-
tivistic Electron Beaas*®. D. L. MOKROW, D. PERSHING, J. .
R. SMITM, D. A. RARTIN, C. N. ARMSTRONG, J. J. KINM, P.
MRRAY®®, and W. O. DOGCEIT, North Carolini State U,—-
A variety of cellective lon acceleraticn experiments are
boing conducted on the NCSU intense relativistic elec-
tron besm accelerator (0.5 MeV, 70 kA, 60 nsec). 1lenes
are priduced by the slectron beas striking (1) the
periphery of 8 1 ca orifice In a polyethylene anode
plate, (2) & 0.01 wm thick plastic sheet ia the anode
plane, or (3) s plastic liner {a an evacuated drife tube
in & fo1lless diode geometry. Accelerated protons are
detected vith nuclear activation of carbon and BN. The
tesults will be cowpatred vith previous experiments at
Beeing's FX-751 (S HeV) and MXL's VEBAZ {1.8 MaV)
accelaraters.

fSupperted by APOSR Contract No. Pa9620-7¢-C-0007.

*30n saddatical leave from U. of Scrantos, Scranton, PA.
v, 0. Doggett and V. M. Bennett, Second Svwposium oo
Collective Methods of Acceleration, JINR, Dubns, USSR,
29 Sepe., 1976,

23. A, Pasour ot al., Third lut'l Comference on
Collective Methods of Acceleration, Univ. of Caltf.,
lrvise, May 22, 1928,
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’ V. PERSONNEL
In addition to Professors Wesley O. Doggett, Jin J. Kim and Carter M.
Arastroag the following graduata students have contributed to this project
during the second funding year:
Dean E. Pershing Beam diagnostics and propagation in a
dielectric liner, VEBA experiments
John R. Smith Calorimeter calibration, spectrcscopy,
X-ray pinhole camera
David L. Morrow Ion acceleration
Robert H. Jackson, Jr. Computer simulation of beam propagation !

in magnetic field and theoreticai study
of beam equilibrium profiles

W. Preston Sellers Thomson parabola ion spectrometer
R. Lawrence Ives . Interfacing calculazor with laboratory
equipment
? David A. Martin Mapping of X-ray radiation
Jorge A. 0. Emmanuel . Study of CD2 physical characieristics

Professor Willaird H. Bennect, Burlington Professor of Physics, Emeritus,
served as a consultant on certain aspects of the program. In additicn,
Dr. Frank J. Murray, Associate Professor of Physics at the University of
Scranton, spent the 1978-79 academic year on a sabbatical leave in the NCSU
plasma physics laboratory and participated in several phases of the project,
particularly the blue cellophane calibration experiments.

Undergraduate students Dwight F. Price and David R. Wheeler (work-study
3 student) worked on a variety of tasks in the laboratory.

Several former graduate students whose dissertation research was nade
possible by this contract are now successfully contributing to Department of
Defense funded programs: Dr. John A. Pasour at the Naval Research Laboratory,
Dr. Ray M. Stringfield, Jr. at the Physics International Cumpany, and Dr. Richard
L. Copeland at the Boeing Radiation Effects Laboratory. Another student Dean
E. Pershing has been offered a National Research Council Associateship to work
at the Naval Research Laboratory when he completes his dissertation this coming
year. Mr. Robert Y. Jackson, Jr. will perform the electron beam quality
neasurements and simulation calculations at NRL's facilities in collaboration
with Drs. Robert K. Parker and Victor L. Granatstein who will serve on his Ph.D.
comnittee as Adjunct Professors of Physics at NCSU.




